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We study theoretically the influence of spin accumulation on superconductivity in a superconduc-
tor/ferromagnet bilayer. It is well-known that the superconductivity in S/F bilayers is suppressed by
the proximity to a ferromagnet. The spin accumulation by itself is also a depairing factor. But here
we show that creation of the spin accumulation on top of effective exchange depairing, caused by the
proximity to a ferromagnet, can lead to an opposite result. The superconductivity can be partially
recovered by spin-dependent quasiparticle distribution. The systems with realistic parameters are
considered and the possible experimental setup is proposed.
PACS numbers: 74.78.Na, 74.45.+c, 74.40.Gh
It is well-known that the Zeeman interaction of elec-
tron spins with magnetic or exchange field is destructive
to singlet superconductivity. The behavior of a magnetic
superconductor with an exchange field h was studied long
ago [1–4]. It was found that homogeneous superconduct-
ing state becomes energetically unfavorable above the
paramagnetic (Pauli) limit h = ∆/
√
2. An inhomoge-
neous state with a spatially modulated Cooper pair wave
function (LOFF-state) can appear only in a narrow re-
gion of exchange fields exceeding this value, as it was
predicted in [1, 2].
Superconductor/ferromagnet (S/F) hybrid structures
also can behave analogous to magnetic superconductors.
In particular, it was shown [5] that a thin S/F bilayer
is equivalent to a magnetic superconductor in an effec-
tive exchange field. Another way to create an exchange
field in a thin superconducting film is to contact it to a
ferromagnetic insulator [6–10], as it was observed exper-
imentally [9] and justified theoretically [10].
However, recently it was demonstrated [11] that the
simultaneous applying of the exchange field and cre-
ation of spin-dependent quasiparticle distribution in such
S/F heterostructures can lead to qualitatively new phe-
nomenon. For a thin superconducting film the destruc-
tive effect of the exchange field can be fully compensated
by the creation of spin-dependent quasiparticle distribu-
tion in it. This effect takes place even if the exchange
field exceeds the paramagnetic limit considerably, that is
under the condition that superconductivity of the equi-
librium film is fully suppressed.
In [11] the effect was illustrated on the basis of
a voltage-biased half metal/superconductor/half metal
(HM/S/HM) heterostructure. A thin film (with
the thickness less than the superconducting coherence
length) is sandwiched between two half-metallic layers
with opposite directions of magnetization. Half-metallic
behavior has been reported in CrO2 [12, 13] and in cer-
tain manganites [14]. In-plane effective uniform exchange
field heff in the film is supposed to be created by spin-
active interfaces with half metals. The spin-dependent
quasiparticle distribution in the film can be generated
by applying a voltage bias between the two half met-
als. In this case for spin-up subband the main voltage
drop occurs at one of the HM/S interfaces, while for spin-
down subband - at the other. As a result, the distribu-
tion functions for spin-up and spin-down electrons in the
superconducting film are to be close to the equilibrium
form with different electrochemical potentials. The su-
perconducting order parameter becomes exactly equal to
its value for zero exchange field when this difference in
electrochemical potentials (spin imbalance) reaches heff .
For the considered nonequilibrium case the paramag-
netic state cannot be realized because the distribution
function is created and supported by the external condi-
tions in such a way that the populations of majority and
minority subbands in the film remain equal.
Here we demonstrate that the destructive effect of the
exchange field can be compensated by the creation of
spin-dependent quasiparticle distribution and the super-
conductivity can be recovered not only for the HM/S/HM
heterostructure, proposed in [11]. The point is that the
experimental realization of such a structure is difficult
at the moment. First of all, the magnetizations of the
half metals should be strictly antiparallel, what is hard
to reach experimentally. Second, the effective exchange
field, induced in the superconductor, should be of the or-
der of the zero-temperature superconducting gap in order
to observe the effect. It also seems to be a problem to get
in a controllable way such values of the effective exchange
field due to proximity of a half metal.
The effect discussed here is basically the manifesta-
tion of the same superconductivity recovering, but it is
2considered for a system based on a S/F bilayer. The
S/F bilayer is a well investigated system as theoretically,
so as experimentally. For our purposes it is important
that in S/F bilayers there is a mesoscopic analogue of
the LOFF-state. This phenomenon was predicted the-
oretically [15, 16] and observed experimentally [17–21].
In this state Cooper pair acquires the total momentum
2Q or −2Q inside the ferromagnet as a response to the
energy difference between the two spin directions. Here
Q ∝ h/vF , where h is an exchange energy and vF is
the Fermi velocity. Combination of the two possibilities
results in the spatial oscillations of the condensate wave
function Ψ(x) in the ferromagnet along the direction nor-
mal to the SF interface [22]. This oscillatory dependence
is known to cause pi-Josephson junction formation [15, 17]
and the non-monotonic (and, in particular, re-entrant)
dependence of the critical temperature of S/F bilayers
on the F layer thickness [23–28]. The effect of supercon-
ductivity recovering can be observed in S/F bilayers just
in this regime.
In order to create the appropriate spin-dependent dis-
tribution function it is enough to contact the S/F bilayer
to a strong ferromagnet via a tunnel junction and to pass
the electric current through the system. Such a setup is
easy to realize experimentally in contrast to the system
based on two half metals with strictly opposite magneti-
zations.
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FIG. 1. Sketch of the system under consideration
Now we turn to the detailed description of the pro-
posed system and to the microscopic calculation. The
sketch of the system under consideration in represented
in Fig. 1. The S/F bilayer is a main part of the setup. It
is composed of a singlet s-wave superconductor S and a
weak ferromagnetic alloy F with the thicknesses dS and
dF , respectively. The x-axis is normal to the bilayer plane
and the F/S interface is at x = 0. The bilayer is sand-
wiched between the normal metal N and a strong ferro-
magnet F’ (Fe,Ni,Co) via tunnel junctions. The system
is biased by the voltage V in order to create the spin-
dependent nonequilibrium distribution in the bilayer.
In our calculations we assume that (i) the system is
in the dirty limit, so the quasiclassical Green’s function
obeys Usadel equations [29]; (ii) the thickness of the S
layer dS . ξS . Here ξS =
√
DS/∆0 is the supercon-
ducting coherence length, DS is the diffusion constant
in the superconductor and ∆0 is the bulk value of the
superconducting order parameter at zero temperature.
This condition allows us to neglect the variations of the
superconducting order parameter and the Green’s func-
tions across the S layer; (iii) we work in the vicinity of
the critical temperature, so the Usadel equations can be
linearized with respect to the anomalous Green’s func-
tion.
The retarded anomalous Green’s function fˆR(ε, x) is
a 2 × 2 matrix in spin space. We assume that the ex-
change field in the F layer is homogeneous h = (0, 0, h).
In this case there are only singlet and triplet with zero
spin projection on the quantization axis pairs in the sys-
tem. In the language of Pauli matrices it means that
fˆR(ε, x) = [fR↑ (1 + σ3)/2 + f
R
↓ (1− σ3)/2]iσ2, where σ2,3
are the corresponding Pauli matrices in spin space. While
we only consider the singlet pairing channel, the super-
conducting order parameter ∆ˆ = ∆iσ2.
The linearized Usadel equation for the retarded
anomalous Green’s function fRσ , where σ =↑, ↓, takes the
form:
D∂2xf
R
σ + 2i(ε+ σh(x))f
R
σ − 2i∆(x) = 0 . (1)
Here σ = ±1 for f↑(↓). D stands for the diffusion con-
stant, which is equal to DS(F ) in the superconductor (fer-
romagnet). h(x) = h in the ferromagnet and h(x) = 0
in the superconductor. Analogously, ∆(x) = 0 in the
ferromagnet and ∆(x) = ∆ in the superconductor.
Eq. (1) should be supplied by the Kupriyanov-
Lukichev boundary conditions [30] at the S/F interface
(x = 0):
σS∂xf
R
σ,S = σF∂xf
R
σ,F = GFS (f
R
σ,S − fRσ,F )
∣∣
x=0
, (2)
where σS(F ) stands for a conductivity of the S(F) layer
and GFS is the conductance of the S/F interface. The
boundary conditions at the ends of the bilayer are
∂xf
R
σ,S
∣∣
x=dS
= ∂xf
R
σ,F
∣∣
x=−dF
= 0. Here we neglect small
conductances G1,2 of the F’/F and S/N interfaces be-
cause they enter the resulting anomalous Green’s func-
tion only as very small additional deparing factors.
Solving Eq. (1) under the assumption, that the anoma-
lous Green’s function weakly varies across the S layer, we
obtain the anomalous Green’s functions in the bilayer. In
the S layer it take the form:
fRσ,S =
∆
E
, (3)
E = ε+
iGFSDSλσ tanh[λσdF ]
2σSdS(λσ tanh[λσdF ] +GFS/σF )
, (4)
3where λ2σ = −2i(ε+ σh)/DF .
Due to the fact that the bilayer is thin as compared
to the superconducting coherence length, the anomalous
Green’s function in it takes the form of Eq. (3), charac-
teristic for a homogeneous superconductor. The denom-
inator E of Eq. (3) can be approximately represented as
ε+σheff + iΓeff , where the effective exchange field heff
and the depairing factor Γeff are caused by the proxim-
ity of the S film to the ferromagnet. The dependence of
heff and Γeff is represented in Fig. 2.
0.0 0.1 0.2 0.3 0.4 0.5
0.0
0.1
0.2
0.3
0.4
0.5
dFΞS
h e
ff
D
o
,
G
ef
f
D
o
Γeff
heff
✂
✂✍
✂
✂✌
FIG. 2. Effective exchange field heff and depairing factor
Γeff as functions of dF . The particular parameters are the
following: dS = 0.36ξS , h = 5∆0,
GFSξS
σS
= 0.5, DS/DF = 5
and σS/σF = 6.
The critical temperature of the bilayer should be cal-
culated from the self-consistency equation. For the equi-
librium case it takes the form
∆ = Λ
ωD∫
−ωD
dε
4
∑
σ
Re
[
fRσ,S
]
tanh
ε
2Tc
, (5)
where Λ is a dimensionless pairing constant. The cal-
culated dependence of the critical temperature on dF is
shown in Fig. 3(a). Different curves correspond to dif-
ferent values of dS . It is seen that for very thin S films
with dS < dS,cr the critical temperature is simply sup-
pressed upon increase of dF . However, there is a range
of dS > dS,cr, where Tc manifests a nonmonotonous and,
even, a re-entrant dependence on dF . These equilibrium
results are well-known and were reported in the literature
as theoretically [31–33], so as experimentally [23–28].
Now let us insert a S/F bilayer, described above, into
the setup, depicted in Fig. 1 and apply a voltage bias V
to it. The anomalous Green’s function in the S film is still
determined by Eq. (3), but the distribution function in
the bilayer is now strongly non-equilibrium and should be
determined from the Keldysh part of the Usadel equation
and Kupriyanov-Lukichev boundary conditions. The dis-
tribution function is a 4× 4 matrix in the direct product
of spin and particle-hole spaces. It is always diagonal
in particle-hole space: ϕˇ = ϕˆ(1 + τ3)/2 + ˆ˜ϕ(1 − τ3)/2.
The electron ϕˆ and hole ˆ˜ϕ components of the distribution
0.1 0.2 0.3 0.4
0.0
0.2
0.4
0.6
0.8
dFΞS
T c
T
co
dS = 0.40 ξS
dS = 0.36 ξS
dS = 0.32 ξS
(a)
1 2
3
4
56
7
-0.5 0.0 0.5
0.00
0.05
0.10
0.15
0.20
eVDo
T c
T
co
❅❘
✲
✟✟✙
(b)
1
2
3
4
-1.0 -0.5 0.0 0.5 1.0
0.0
0.1
0.2
0.3
0.4
0.5
eVDo
T c
T
co
❅❘
✲
❅❘
(c)
5
6
7
FIG. 3. (a) Critical temperature of the S/F bilayer as a func-
tion of dF for different values of dS. (b)-(c) Critical temper-
ature of the bilayer as a function of V . Different curves in
panels (b) and (c) are calculated for the bilayers with partic-
ular dF and dS , corresponding to the same numbers in panel
(a). The other parameters are the same as in Fig. 2. The
temperature is normalized to the critical temperature of the
superconducting film Tc0 in the absence of a ferromagnet and
V is normalized to ∆0. All the lengths are in units of ξS.
function are 2×2 matrices in spin space. Here we suppose
that the exchange field of the weak ferromagnetic alloy F
is aligned with the magnetization of the strong ferromag-
net F’, so in our problem we have the only magnetization
direction. We choose the quantization axis along this di-
rection. Then the distribution function is diagonal in spin
space ϕˆ =
(
ϕ↑ 0
0 ϕ↓
)
and the general symmetry relation
between the electron and hole parts of the distribution
function takes the form ϕ˜σ¯(ε) = −ϕσ(−ε), where σ¯ de-
notes the spin direction opposite to σ. For our linearized
problem the kinetic equation takes the same form as in
4the normal metal:
DS,F∂
2
xϕσ + S[ϕˆ] = 0 , (6)
where S[ϕˆ] is a collision term due to energy and spin re-
laxation processes in the bilayer. Further we will assume
that τ−1sf,ε ≪ DFG1(dF+dS)σF ,
DSG2
(dF+dS)σS
and G1dF
σF
, G2dS
σS
≪ 1.
The first inequality means that the relaxation processes
(τsf,ε accounts for the spin and energy relaxation, re-
spectively) are weak and the distribution function in the
bilayer is mainly determined by the interchange with the
reservoirs. The second inequality means that the elec-
tric current through the bilayer is very small, so the
main voltage drop occurs at the tunnel F’/F and S/N
interfaces and the distribution function is approximately
constant over the thickness of the bilayer. Under these
assumptions the distribution function has a double step
structure
ϕσ = ϕ1
G1,σ
G1,σ +G2
+ ϕ2
G2
G1,σ +G2
. (7)
Here ϕ1,2 = tanh[(ε − eV1,2)/2T ] are the distribution
functions of left (F’) and right (N) reservoirs, which
are assumed to have the equilibrium form shifted by
V1,2. G2 is the conductance of the S/N interface and
G1,σ is the conductance of the F’/F interface for a
spin σ. Typical experimental values of the polarization
P = (G↑ −G↓)/(G↑ +G↓) of a tunnel interface between
a strong ferromagnet and nonmagnetic material are of
the order of 0.1 − 0.2 [34–36], so we assume in our cal-
culation P = 0.2. The conductances are taken to be
G22 = G1,↑G1,↓. In this symmetric case ϕ˜σ = ϕσ and the
self-consistency equation takes the form
∆ = Λ
ωD∫
−ωD
dε
4
∑
σ
Re
[
fRσ,S
]
ϕσ . (8)
The typical behavior of the distribution function de-
scribed by Eq. (7) is shown in Fig. 4 as a function of
the quasiparticle energy. The anomalous Green’s func-
tion for the both spin subbands is also represented in
this figure.
In Figs. 3(b) and 3(c) the critical temperature of the
nonequilibrium S/F bilayer is demonstrated as a function
of the voltage applied between the external electrodes.
These are the central results of the paper. It is seen
that Tc is an asymmetric function of V . Possibly, in real
experiment it is more convenient to fix the temperature
and to study if the superconductivity is completely sup-
pressed at equal positive and negative voltages or not.
We have checked that if the distribution function is
spin-independent (P = 0), then Tc is suppressed sym-
metrically as a function of V . It is also known that if
there is no effective exchange field in the superconductor
(heff = 0), the spin-dependent distribution simply sup-
presses superconductivity [37–39]. So, the results, pre-
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FIG. 4. Characteristic behavior of the distribution func-
tion (dashed lines) and the anomalous Green’s function (solid
lines) in dependence on the quasiparticle energy. Different
spin subbands are denoted by blue and red lines.
sented here, is a manifestation of superconductivity re-
covering under spin-dependent quasiparticle distribution,
predicted in [11].
It is worth to note that for the S/F system we cannot
get the ”full recovering” of superconductivity up to Tc0,
in contrast to [11]. The reason is seen from Fig. 4. Here
the distribution function is not a ”pure spin imbalance”,
as in [11], but it contains a small spin imbalance on the
background of strong spin-independent nonequilibrium,
which just suppresses superconductivity. So, in our sys-
tem two opposite effects act simultaneously: the spin-
dependent part of the distribution recovers superconduc-
tivity, and the spin-independent part tends to suppress it.
Due to this reason the value of the voltage V , which pro-
vides the maximal Tc for a given sample, is considerably
smaller than the effective exchange heff in this sample.
The second thing is that in the bilayer the equilibrium
superconductivity is typically suppressed by two factors:
heff and Γeff (see Fig. 2). The spin-dependent distri-
bution is able to compensate the suppression caused by
the effective exchange, but cannot compensate the part
of suppression caused by Γeff .
We can conclude that in order to observe the essen-
tial effect in a S/F bilayer, (i) it should be close to the
regime of re-entrant superconductivity (but not neces-
sary in this regime). In this case we can guarantee that
the superconductivity is suppressed, at least partially, by
the effective exchange, caused by the proximity to a fer-
romagnet. (ii) Thinner ferromagnets are more preferable
than the thick ones [compare curves marked by 2 and 4
in Fig. 3(b)]. The reason is that Γeff grows considerably
for thicker ferromagnets, as shown in Fig. 2 and becomes
the dominating suppressing factor. (iii) The effect is most
pronounced if the superconductivity is already strongly
suppressed by the proxomity to a ferromagnet, but Γeff
is not very large yet [point 1 in Fig. 3(a) and the cor-
responding curve in panel (b)]. In this case the main
suppressing factor is heff and it can be partially com-
pensated by the spin-dependent part of the quasiparticle
5distribution. In principle, the superconductivity can be
recovered even in the region of full suppression [point 3
in Fig. 3(a)], but the spin-dependent part of our distri-
bution is not enough to recover the superconductivity
deeply in this region.
The regimes of weak superconductivity suppression
[point 7 in Fig. 3(a)] are also bad for observation of the
effect because heff can be compensated only partially
and the resulting increase of Tc is too small.
In summary, on the basis of the S/F bilayer we study
the nonequilibrium recovering of superconductivity, sup-
pressed by the exchange field, and propose a realistic
setup for experimental investigation of this effect.
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